Leptospirosis, an emerging zoonotic disease, remains poorly understood because of a lack of genetic manipulation tools available for pathogenic leptospires. Current genetic manipulation techniques include insertion of DNA by random transposon mutagenesis and homologous recombination via suicide vectors. This study describes the construction of a shuttle vector, pMaORI, that replicates within saprophytic, intermediate, and pathogenic leptospires. The shuttle vector was constructed by the insertion of a 2.9-kb DNA segment including the parA, parB, and rep genes into pMAT, a plasmid that cannot replicate in Leptospira spp. and contains a backbone consisting of an aadA cassette, ori R6K, and oriT RK2/RP4. The inserted DNA segment was isolated from a 52-kb region within Leptospira mayottensis strain 200901116 that is not found in the closely related strain L. mayottensis 200901122. Because of the size of this region and the presence of bacteriophage-like proteins, it is possible that this region is a result of a phage-related genomic island. The stability of the pMaORI plasmid within pathogenic strains was tested by passaging cultures 10 times without selection and confirming the presence of pMaORI. Concordantly, we report the use of trans complementation in the pathogen Leptospira interrogans. Transformation of a pMaORI vector carrying a functional copy of the perR gene in a null mutant background restores the expression of PerR and susceptibility to hydrogen peroxide comparable to that of wild-type cells.
L eptospirosis, which is caused by one of the 10 pathogenic Leptospira spp. described to date, is a neglected zoonotic disease that has a worldwide distribution with a high incidence in tropical countries. The virulence mechanisms and, more generally, the biology of pathogenic Leptospira spp. remain largely unknown. This hindrance is partly due to a lack of efficient genetic tools available for use in pathogenic Leptospira spp. (1, 2) . While genetic modification tools allow flexible manipulation of the genome of the saprophyte Leptospira biflexa, including targeted mutagenesis and cis/trans complementation (2), genetic modification of the pathogen is limited primarily to random transposon mutagenesis.
Previously, genetic analysis of Leptospira was impeded by the absence of methods for the introduction of DNA into leptospiral cells. Currently, DNA can be introduced into Leptospira spp. by electroporation (3) or conjugation between Escherichia coli and Leptospira spp. by using RP4 derivative conjugative plasmids (4) . Transformed Leptospira can be visualized on solid medium as subsurface colonies after 1 week for saprophytes and up to 4 weeks for pathogens. Markers for the selection of transformants include kanamycin, spectinomycin, and gentamicin resistance cassettes (3, 5, 6) . The replication origins of L. biflexa phage LE1 (3), L. biflexa plasmid p74 (7) , and a phage-related genomic island from L. interrogans (8) have previously been used to construct L. biflexa-E. coli plasmid shuttle vectors. However, no shuttle vector construct for intermediate or pathogenic Leptospira spp. has been reported.
In this study, analysis of the genomes of two genetically related strains of a recently discovered pathogenic Leptospira species (9) revealed a prophage-like region of approximately 52 kb present in only one of the strains. Further analysis of this region allowed the identification of a putative replication origin. Cloning of a DNA fragment containing this replication origin into an E. coli conjugative plasmid allowed autonomous replication in the saprophyte L. biflexa and several intermediate and pathogenic strains. Subsequent to plasmid construction and analysis, we employed this plasmid for functional trans complementation of a mutant of the pathogen L. interrogans serovar Manilae that carries an inactivation in the peroxide stress regulator-encoding gene perR. The PerR transcriptional regulator belongs to the Fur family and controls the expression of genes participating in the cell's defense against oxidants. It has been previously shown that in a Leptospira perR mutant, a catalase (katE) and a putative cytochrome c peroxidase (mauG-2) had higher expression than in the wild-type strain. Previous work has also shown that this L. interrogans perR mutant is better able to survive than wild-type cells in the presence of hydrogen peroxide (10) . We report here the successful production of PerR and concomitant restoration of reduced resistance to hydrogen peroxide when PerR is expressed in trans in the perR mutant by using the plasmid described. (11, 12) with or without spectinomycin (40 g/ml; Sigma-Aldrich, St. Louis, MO). Solid EMJH medium was prepared by adding 1% (wt/vol) Noble agar to liquid EMJH medium containing spectinomycin (40 g/ ml) and incubating it at 30°C for 7 to 30 days.
MATERIALS AND METHODS

Bacterial
E. coli strain ⌸1 (⌬thyA) cells were used for plasmid transformation. E. coli strain ␤2163 (⌬dapA) was used for transfer of vector pMaORI into Leptospira spp. via conjugation. E. coli strains were grown in Luria-Bertani broth or agar containing spectinomycin (50 g/ml). Strain ␤2163 was additionally cultured with 0.3 mM diaminopimelic acid (Sigma-Aldrich), while strain ⌸1 was additionally cultured with 0.3 mM thymidine (SigmaAldrich) as previously described (13) .
Plasmid construction and transformation of Leptospira spp. The nucleotide sequence of the replication region of L. mayottensis strain 200901116 was amplified with primer pairs ori1 and ori2 (Table 1) and inserted into pCR2.1-TOPO by using the TOPO TA cloning kit in accordance with the manufacturer's instructions (Life Technologies, Waltham, MA). After BamHI-XbaI digestion and gel purification, the DNA fragment containing the replication region was inserted into the corresponding restriction sites of the conjugative spectinomycin-resistant plasmid pMAT, and the resulting construct was designated pMaORI. Plasmid constructs were introduced into Leptospira strains by conjugation as previously described (4), with E. coli ␤2163 containing the pMaORI plasmid construct. Transformed Leptospira strains were recovered from solid medium, grown in liquid EMJH medium with spectinomycin selection (40 g/ml), and filtered with a 0.22-m filter into fresh liquid EMJH medium with spectinomycin (40 g/ml). Once these samples had grown to midlogarithmic phase, all were visually inspected to ensure the presence of motile leptospira cells without the presence of E. coli cells or other contaminants. Once it was determined that contaminants were not present, the sample was tested for the shuttle vector pMaORI as described below.
Amplification of aadA and adk (an E. coli specific adenylate kinase gene) was performed via PCR. The gene-specific primers used are listed in Table 1 .
Extraction of plasmid pMaORI from Leptospira spp. and E. coli strains was performed with a QIAprep Spin Miniprep kit in accordance with the manufacturer's instructions (Qiagen, Venlo, Netherlands).
The restriction endonuclease KpnI was used to determine the restriction profile of pMaORI isolated from E. coli cells that had previously been transformed with pMaORI from Leptospira species. An 18-l volume of the extracted plasmid was added to 2.1 l of 10ϫ FastDigest buffer and 1 l (1 U) of FastDigest KpnI (Thermo Scientific, Waltham, MA). Samples were digested for 30 min at 37°C and then subjected to gel electrophoresis.
Passage experiment. Leptospira strains were passaged 10 times to determine if the pMaORI construct could be conserved without selection. For each passage, a 100-l aliquot was passaged into 9 ml of fresh liquid EMJH medium without selection until it reached the late logarithmic phase. Each sample was then subsequently passaged, and the remaining 8.9 ml of sample in the late logarithmic phase was plasmid extracted as described above. The plasmid extracted was tested by PCR for the aadA cassette and subsequently transformed into E. coli strain ⌸1, where pMaORI was verified by determination of the KpnI restriction profile.
Complementation of L. interrogans serovar Manilae perR mutant. To complement the L. interrogans perR M776 mutant (10), the wild-type perR allele (including its own promoter region, 310 nucleotides upstream of the perR start codon) was amplified from L. interrogans serovar Manilae strain L495 with primers PerR5 and PerR3 (Table 1 ). This PCR product was cloned into pCR2.1-TOPO (Invitrogen). The perR DNA fragment was then released with EcoRI and inserted into the dephosphorylated EcoRI site of pMaORI to generate plasmid pMaORI-perR (pNB138). The pMaORI-perR plasmid construct was introduced by conjugation into the M776 mutant (L. interrogans perR mutant) as described above, and spectinomycin-resistant colonies were inoculated into liquid EMJH medium containing 40 g/ml spectinomycin for further analysis.
Cellular PerR content was measured by immunoblot analysis. Exponentially growing cells were lysed by sonication in 20 mM Tris-HCl (pH 8.0)-150 mM NaCl-2 mM EDTA in the presence of protease inhibitors (Roche, Basel, Switzerland). Samples (15 g) of total cell extracts were subjected to 15% SDS-PAGE, and proteins were transferred onto nitrocellulose. PerR protein was detected by using a rabbit anti-PerR antibody at a 1:2,000 dilution as the primary antibody, goat anti-rabbit horseradish peroxidase (HRP)-conjugated IgG at a 1:150,000 dilution (Sigma-Aldrich) as the secondary antibody, and the SuperSignal West Pico reagent (Thermo Scientific) as the HRP substrate. Survival in the presence of H 2 O 2 was assessed by incubating exponentially growing cells in the presence or absence of 10 mM H 2 O 2 for 30 min 
RESULTS AND DISCUSSION
Genome analysis. All of the members of the Leptospira genus that have been analyzed carry at least two circular replicons. The large circular (cI, Ͼ3.6 Mb) and small circular (cII, 278 to 350 kb) chromosomes carry genes involved in housekeeping and other functions (14, 15) . More recently, plasmids have also been identified by whole-genome sequencing, such as p74 in the saprophyte L. biflexa (7) and pGui1 and pGui2 in the pathogen L. interrogans (16) .
We previously reported a group of Leptospira strains that were isolated from the blood of patients with leptospirosis in Mayotte (Indian Ocean) and identified as belonging to a novel pathogenic species (9, 17) . High-throughput genome sequencing of two representative strains, 200901116 and 200901122, of this new species, designated Leptospira mayottensis, was performed at the J. Craig Venter Institute (http://gsc.jcvi.org/). The draft genome se- (3, 7, 8) and includes genes coding for a DNA-binding protein that could constitute a Rep protein for initiation of plasmid replication and a partitioning system (Fig. 2A) . Interestingly, orthologues of the L. mayottensis Rep-like protein were also found in L. interrogans pathogenic strains with a sequence identity of Ͼ75% (Fig. 2B) . Together, this suggests that the 52-kb genomic island located in L. mayottensis strain 200901116 may represent a putative prophage. The occurrence of the L. mayottensis rep gene in other sequenced Leptospira strains suggests a widespread distribution of this prophage in L. interrogans strains.
Design of a replicative vector. To construct the pMaORI replicative vector, a 2.9-kb autonomously replicating sequence consisting of the parA locus (AKWB270009), the parB locus (AKWB270010), and rep (AKWB270011) located within the sequence of L. mayottensis strain 200901116 was amplified and inserted into 2.2-kb conjugative plasmid pMAT, which was derived from pSW29T (4). The pMAT vector includes the aadA spectinomycin resistance cassette, ori R6K for replication, and oriT RK2/ RP4 for conjugation. The engineered vector was 5,035 bp long and was named pMaORI (Fig. 3) .
Determination of pMaORI replication in various Leptospira spp. The pMaORI construct was confirmed to be a viable shuttle vector in saprophytic, intermediate, and pathogenic Leptospira strains (Table 2) . Compared with the original conjugative vector carrying the Himar1 transposon (4), the number of transconjugants increased 2-to 5-fold when our replication vector pMaORI was inserted into L. biflexa serovar Patoc strain Patoc1, L. interrogans serovar Copenhageni strain Fiocruz LA-130, and L. interrogans serovar Manilae strain L495. It was possible to transform the pMaORI construct into E. coli ␤2163, conjugate pMaORI into leptospires, recover the plasmid via plasmid extraction, and then retransform pMaORI into E. coli ⌸1 (Table 2) . Transformed Leptospira strains were initially confirmed to be positive for the pMaORI construct via aadA amplification. To ensure that this confirmation was not a result of E. coli contamination, positive Leptospira strains were tested for adk, an E. coli gene. Further, to ensure that aadA confirmation was not a result of naked-DNA contamination within the sample, pMaORI, which was extracted from Leptospira strains, was transformed into E. coli ⌸1, plasmid DNA was extracted from E. coli, and pMaORI was confirmed by KpnI restriction profile.
The pMaORI vector was introduced (via conjugation) into L. mayottensis strain 200901116 to determine if the pMaORI plasmid could replicate in its parental strain. Analysis revealed that this strain was incapable of maintaining the pMaORI vector (Table 2) .
Following confirmation that pathogenic Leptospira strains were able to replicate and maintain the pMaORI plasmid, strains were passaged 10 times in EMJH medium without spectinomycin to determine if the pMaORI plasmid could be conserved in the absence of selection. It was confirmed that pathogenic strains were indeed capable of maintaining this shuttle vector through 10 passages without selection (Table 2 ). This was confirmed via extraction of plasmid pMaORI from Leptospira cultures, followed by PCR amplification of the aadA cassette, confirmation of the ability to retransform into E. coli ⌸1, and subsequent plasmid restriction profile analysis. A limitation of the method used to detect plasmid stability is that it does not quantify the percentage of the population that retains pMaORI. Future studies should focus on quantifying the percentage of the bacterial population that retains pMaORI and determining the number of copies per cell. Plasmid complementation of perR in L. interrogans. A perR mutant was previously obtained by random transposon mutagenesis of L. interrogans serovar Manilae strain L495 (10). This perR mutant was shown to survive better than wild-type cells in the presence of hydrogen peroxide. However, repeated attempts to complement the mutation were unsuccessful (10) .
In this study, complementation of the perR mutant was performed by cloning the perR wild-type allele with its native promoter into the pMaORI plasmid vector. Hundreds of transconjugants were obtained, and complemented cells showed expression of PerR (Fig. 4A) , indicating that the perR open reading frame was expressed in trans from the pMaORI expression vector. Next, the ability of the complemented perR mutant cells to resist lethal concentrations of H 2 O 2 were tested and compared to those of the wild type and the perR mutant. Cell viability was assessed via the alamarBlue assay, which measures the ability of cells to carry out redox reactions; reducing blue resazurin to pink resorufin. As shown in Fig. 4B , in the presence of H 2 O 2 , perR mutant cells displayed better viability than wild-type cells, as shown by their ability to reduce resazurin, indicating, as expected, that the perR mutant survived better than the wild type in the presence of peroxide. perR mutant cells that had been transformed with the pMaORI vector containing the perR allele were no longer able to reduce resazurin, which indicated that they had decreased viability in the presence of H 2 O 2 (Fig. 4B) . This demonstrated that expression of the perR CDS from the pMaORI vector could restore an H 2 O 2 -associated phenotype comparable to that of wild-type cells.
While replication of plasmid vectors in pathogens has not been previously described, these results demonstrate that plasmid complementation is possible in pathogenic Leptospira strains. The pMaORI vector will therefore be useful for the purpose of genetic complementation of mutants obtained by random transposon mutagenesis or in the generation of conditional mutants.
